The anatomical organization and electrophysiological characteristics of a projection from the nucleus accumbens to anteroventral parts of the globus pallidus and to a subpallidal region that includes the substantia innominata (SI), the lateral preoptic area (LPO), and anterior parts of the lateral hypothalamic area (LHA) were investigated in the rat. Autoradiographic experiments, with injections of 3H-proline into different sites in the nucleus accumbens and adjacent caudoputamen, indicate that the descending fibers are organized topographically along both mediolateral and dorsoventral gradients, although labeled fibers from adjacent regions of the nucleus accumbens overlap considerably in the ventral globus pallidus and subpallidal region. Injections confined to the caudoputaman only labeled fibers in the globus pallidus. Retrograde transport experiments with the marker true blue confirmed that only the nucleus accumbens projects to the subpallidal region and that the caudoputamen projects upon the glubus pallidus in a topographically organized manner. In electrophysiological recording experiments single pulse stimulation (0.1 to 0.7 mA; 0.15 msec duration) of the nucleus accumbens changed the discharge rate of single neurons in the ventral globus pallidus and in the SI, LPO, and LHA. Typically, the responses were inhibition of neuronal discharge with latencies of 6 to 18 msec. Single pulse stimulation of the dorsolateral caudoputamen altered the discharge rate of single neurons in dorsal regions of the globus pallidus, with inhibition being the most frequently observed response. The results of these anatomical and electrophysiological experiments are complementary and indicate that fibers from the nucleus accumbens innervate the anteroventral region of the globus pallidus as well as the subpallidal region, while most fibers of the caudoputamen innervate the globus pallidus but not the subpallidal region.
Abstract
The anatomical organization and electrophysiological characteristics of a projection from the nucleus accumbens to anteroventral parts of the globus pallidus and to a subpallidal region that includes the substantia innominata (SI), the lateral preoptic area (LPO), and anterior parts of the lateral hypothalamic area (LHA) were investigated in the rat. Autoradiographic experiments, with injections of 3H-proline into different sites in the nucleus accumbens and adjacent caudoputamen, indicate that the descending fibers are organized topographically along both mediolateral and dorsoventral gradients, although labeled fibers from adjacent regions of the nucleus accumbens overlap considerably in the ventral globus pallidus and subpallidal region. Injections confined to the caudoputaman only labeled fibers in the globus pallidus. Retrograde transport experiments with the marker true blue confirmed that only the nucleus accumbens projects to the subpallidal region and that the caudoputamen projects upon the glubus pallidus in a topographically organized manner. In electrophysiological recording experiments single pulse stimulation (0.1 to 0.7 mA; 0.15 msec duration) of the nucleus accumbens changed the discharge rate of single neurons in the ventral globus pallidus and in the SI, LPO, and LHA. Typically, the responses were inhibition of neuronal discharge with latencies of 6 to 18 msec. Single pulse stimulation of the dorsolateral caudoputamen altered the discharge rate of single neurons in dorsal regions of the globus pallidus, with inhibition being the most frequently observed response. The results of these anatomical and electrophysiological experiments are complementary and indicate that fibers from the nucleus accumbens innervate the anteroventral region of the globus pallidus as well as the subpallidal region, while most fibers of the caudoputamen innervate the globus pallidus but not the subpallidal region.
It appears, therefore, that these two components of the striatum have different output connections. The possible functional significance of these findings is discussed in relation to the projections of the subpallidal region, which may include an output to the mesencephalic locomotor region, and in relation to the nucleus accumbens afferents from the amygdala and hippocampal formation.
The caudoputamen and nucleus accumbens together form the striatum, and anatomical studies have shown that both components project to the globus pallidus (GP) and to the substantia nigra (see Voneida, 1960; Szabo, ' 1962; Cowan and Powell, 1966; Swanson and Cowan, 1975; Nauta et al., 1978) . Electrophysiological studies have confirmed a projection from the nucleus accumbens to ventral parts of the globus pallidus (GP,) (Dray and Oakley, 1978; Jones and Mogenson, 1980b) , and the results of neurochemical experiments indicate that at least one component of this projection is GABAergic (Nagy et al., 1978; Fonnum and Walaas, 1981) , a conclusion that is strengthened by the observation that iontophoretic application of the GABA antagonist, picrotoxin, reverses the inhibition of GP, neurons following stimulation of the nucleus accumbens (Jones and Mogenson, 1980b) . Since the nucleus accumbens receives substantial inputs 190 Mogenson et al. Vol. 3, No. 1, Jan. 1983 from the hippocampal formation (Swanson and Cowan, 1977) and the amygdala (Krettek and Price, 1978; Newman and Winans, 1980) , this evidence has led to the suggestion that it may serve as an important link between the limbic system on the one hand and somatomotor control systems on the other (Swanson and Cowan, 1975; Mogenson et al., 1980; Swanson and Mogenson, 1981) . Despite the similarities just mentioned, there are differences in the course taken by projections from the caudoputamen and nucleus accumbens. Perhaps the most obvious difference is that fibers from the caudoputamen travel to the substantia nigra through medial parts of the cerebral peduncle, while most of those from the nucleus accumbens descend through lateral parts of the medial forebrain bundle in the substantia innominata (SI), lateral preoptic area (LPO), and lateral hypothalamic area (LHA). The main objective of the present study was to investigate further the projection from the nucleus accumbens to the GP, and to determine whether some of the descending fibers in the medial forebrain bundle may also end in the SI, LPO, and LHA. Anatomical techniques were used to determine the extent and topographical organization of fibers from the nucleus accumbens that enter the GP, and the subpallidal region below it that includes the SI, LPO, and the anterior part of the LHA. Since the anatomical methods used cannot demonstrate directly the existence of functional contacts, electrophysiological recordings were made from single neurons in these regions to map the location of units that respond to electrical stimulation of the nucleus accumbens. Recordings also were made from neurons in dorsal parts of the GP (GPd) before the microelectrode was lowered to the GP, and then to the subpallidal region. This provided an opportunity to investigate the effects of nucleus accumbens stimulation on the activity of neurons in the GPd. Since the GPd receives strong connections from the caudoputamen (Kemp and Powell, 1971; Nagy et al., 1978) , the effects of electrical stimulation in Ihe latter also were observed, and a comparison was made between the effects of stimulation in the nucleus accumbens or the caudoputamen on the activity of neurons in the GP,, the subpallidal region, and the GPd.
Materials and Methods
Anatomical experiments. Adult male albino rats were used. In one group of experiments (N = lo), each animal received a single 20-to 40-nl injection of "H-proline (L-2,3-3H-proline; specific activity, 24 Ci/mmol; New England Nuclear) in either the nucleus accumbens or adjacent parts of the caudoputamen. The injections were made stereotaxically with a l-p1 Hamilton microsyringe over a lo-to 15min period, and the 3H-proline was reconstituted in sterile saline to a final concentration of 20 $i/$ One to 3 days later, the animals were perfused transcardially with a buffered 10% formalin solution, and the brains were processed for autoradiography according to the method described by Cowan et al. (1972) . Several of these brains were described in an earlier brief report on the connections of the nucleus accumbens (Swanson and Cowan, 1975) .
In a second group of experiments (N = 16), each animal received a single 20-nl injection of the retrogradely transported fluorescent label true blue (2% w/v, in distilled water) in the region of the globus pallidus, substantia innominata, and lateral preoptic area. The injections were made stereotaxically with a l-p1 Hamilton microsyringe over a lo-min period. Four to 7 days later, the animals were perfused transcardially with a buffered 10% formalin solution, following a brief rinse with saline, and the brains were prepared as described elsewhere (Sawchenko and Swanson, 1981) . A l-in-5 series of 30+m-thick sections through the basal ganglia was prepared, and the location of retrogradely labeled cells was determined with the aid of dark-field illumination, which reveals major fiber tracts, and/or with the aid of a fluorescent counterstain, ethidium bromide (Schmued et al., 1982) , which yields a Nissl stain when excited by green (excitation filter BP530-560) light. The fluorescence material was viewed with a Leitz Dialux 20 microscope equipped with a Ploem illumination system, a lOO-W Hg light source, and oil objectives. True blue was viewed with filter system "A" (ultraviolet; excitation filter BP340-380), and ethidium bromide was viewed with filter system'%."
The normal morphology of the areas under consideration here was examined in normal series of brains that were cut in the frontal plane and that were stained in the usual way for cells (thionin), fibers (silver and Luxol fast blue), and acetylcholinesterase (see Swanson, 1976; Swanson and Cowan, 1979) . From this material a standard series of drawings was constructed for plotting the results of experiments, and experimental brains were blocked in approximately the same plane of section with the aid of a simple mechanical device that guides a razor blade at a standard angle.
Electrophysiological recording experiments. Fortythree adult male albino rats weighing 250 to 300 gm were used. They were anesthetized with urethane (1.15 to 1.2 mg/kg, i.p.) and placed in a Kopf stereotaxic apparatus with the incisor bar 2.4 mm below the ear bars. Rectal temperature, monitored with a model YSI-402 telethermometer (Yellow Springs Instrument Co.), was maintained at 36 to 38°C throughout the recording session by a radiant heat lamp. The skin, skull, and dura above the basal ganglia were carefully removed to lower the recording microelectrodes, and burr holes of 2 to 3 mm diameter were drilled in the skull above the nucleus accumbens and caudoputamen to permit positioning of the stimulating electrodes. The coordinates used for the nucleus accumbens were 9.4 mm anterior to the interaural line, 1.0 mm lateral to the midline, and 6.0 mm below the surface of the cortex; for the caudoputamen the coordinates were 8.3 mm anterior to the interaural line, 3.4 mm lateral to the midline, and 3.0 mm below the surface of the cortex; and for the pallidum the coordinates were 5.3 to 6.8 mm anterior to the interaural line, 1.5 to 3.8 mm lateral to the midline, and 4.3 to 8.0 mm below the surface of the cortex.
Stainless steel concentric electrodes (model SNE-100, Rhodes Medical Instrument) with tip separation of 0.5 mm were used for electrical stimulation of the nucleus accumbens and the caudoputamen. Electrical stimulation was generated by a Grass model S-44 stimulator coupled to a Grass stimulation isolation unit (model SIU 6). Square pulses of 0.15 msec duration and 0.1 to 0.9 mA intensity were used. Glass micropipettes for extracellular recording from single neurons were made from Kimax 51 borosilicate capillaries (Fisher Scientific Co.) and were pulled to a tip diameter of 1 to 1.5 p using a Narashige microelectrode puller (Maeda and Mogenson, 1980; Yim and Mogenson, 1980) . They were filled with 0.5 M sodium acetate and 2% Pontamine Sky Blue (Glurr). The impedance of the microelectrodes was 5 to 9 megohms at 1 kHz sine wave. Recorded action potentials were sampled on-line by a computer. The recordings were stored on magnetic disks and poststimulus histograms were compiled from data files off-line (Yim and Mogenson, 1980 At the end of the experiment, recording sites were marked for later histological identification by ejecting Pontamine Sky Blue as an anion with a continuous DC current of 6 to 8 PA for 10 to 15 min. Stimulation sites were marked with iron deposits by passing a positive current of 10 PA through the electrode for 1 min. The animals then were sacrificed by an overdose of urethane. The brains were perfused with 50 ml of 0.9% saline followed by 50 ml of buffered formalin which contained 3% potassium ferrocyanide, were removed, and were postfixed in formalin for 24 hr. Transverse sections 80 pm thick were made with a freezing microtome and were stained with thionin for microscopic examination to determine recording and stimulation sites.
Results
The observations from the anatomical experiments will be presented first, followed by the electrophysiological findings.
Normal morphology. An account of the morphology of the nucleus accumbens and of the GPv, SI, and LPO has been presented elsewhere (Swanson and Cowan, 1975; Swanson, 1976) . For the sake of clarity, however, it may be useful to point out the major cytoarchitectonic criteria that we have used to distinguish between the areas under consideration here. As a rostromedial extension of the striatum, the neurons of the nucleus accumbens resemble those of the caudoputamen (Gtirdjian, 1928) , and neurons in both regions project to the globus pallidus and to the substantia nigra (see Swanson and Cowan, 1975) , although as indicated below, the nucleus accumbens has additional projections as well. There is no clear boundary between the two major divisions of the striatum of the rat, although most authors use for convenience a diagonal line that passes from the tip of the lateral ventricle, through the anterior commissure, to the ventrolateral edge of the caudoputamen (see Fig. 2, upper panel) , a convention we have followed here.
The SI (Fig. 1) is a rather poorly defined cell group that lies ventral to, and is more or less coextensive with, the length of the globus pallidus ( Fig. 2 ; Swanson, 1976); our material confirms that it consists primarily of large, scattered cells, many of which are acetylcholinesterase positive (see illustrations in Jacobowitz and Palkovits, 1974). We have thus defined the SI in the rat in relation to the better delineated cell groups that surround it (Swanson, 1976) ; for a review of the SI as defined in other species see Jones et al. (1976) . The GP, on the other hand, has a lower density of cells, most of which are larger than those in the SI, and are not acetylcholinesterase positive, except medially along the lateral edge of the internal capsule (Jacobowitz and Palkovits, 1974) . The LPO and LHA lie medial and ventral (respectively) to the SI and contain a moderate density of small-to medium-sized neurons.
Projections of the rostromedial striatum. The topographical organization of projections from the nucleus accumbens and adjacent regions of the caudoputamen to the GP and subpallidal region were investigated autoradiographically as a background to the electrophysiological experiments described below. The distribution of anterogradely transported label from discrete injection sites in the nucleus accumbens and in adjacent parts of the caudoputamen are compared in Figure 2 . Fibers from the caudoputamen descend initially through a region Mogensc that includes the GP, and immediately adjacent parts of the SI, before entering the entopeduncular nucleus and then the cerebral peduncle. In contrast, fibers from the nucleus accumbens descend initially through the medial half of the SI and the rostromedial tip of the GP before entering the LPO and then the LHA. The bottom panels of Figure 2 illustrate the major difference in the course of fibers from the nucleus accumbens and from the caudoputamen. On their way to the substantia nigra, most fibers from the latter structure pass through the LPO and LHA. It should be noted, however,-that some of the label from the nucleus accumbens is seen over the medial part of the entopeduncular nucleus, and some of the label from adjacent parts of the caudoputamen is seen over the lateral edge of the LPO-LHA continuum. It should also be mentioned that while the pattern of anterogradely transported label suggests the presence of a terminal field in the GP and adjacent SI, it is not possible, at the light microscopic level, to establish unequivocally whether or not synapses occur along the pathways shown in Figure 2 .
Observations from experiments in which 3H-amino acid injections were made into different sites in the nucleus accumbens and adjacent caudoputamen suggest two principles that appear to govern the topographic organization of labeled pathways through (and possibly to) the GP and adjacent regions (Fig. 3) . First, these projections are organized along dorsoventral and mediolateral gradients. That is, neurons in medial parts of the nucleus accumbens project to medial parts of the GP, SI, and LPO (caudal to the level illustrated), while neurons in progressively more lateral parts of the nucleus accumbens project to progressively more lateral parts of the same regions. Second, fibers from adjacent parts of the rostromedial striatum overlap considerably, suggesting that there may be convergence upon single neurons in m et al. Vol. 3, No. 1, Jan. 1983 the GP,, SI, and LPO. It was not possible in the anatomical material to discern an anteroposterior gradient in the projections from the nucleus accumbens to the GP, and adjacent regions, perhaps because the nucleus accumbens lies just anterior to the regions under consideration. In contrast, the caudoputamen is considerably larger than the nucleus accumbens and essentially surrounds the GP. From the limited autoradiographic material available and from retrograde transport studies referred to below, it is clear that rostral parts of the caudoputamen project to rostral parts of the GP, whereas more caudal parts of the caudoputamen project to more caudal parts of the GP, as observed previously in the monkey (e.g., Szabo, 1962; Cowan and Powell, 1966) . True blue was injected into the GP, SI, or LPO in 16 animals to complement with a retrograde transport method the observations made with autoradiographic techniques. The results of these experiments have the limitation that fibers-of-passage to the midbrain, as well as terminals, may have taken up the tracer (Sawchenko and Swanson, 1981) . In experiment GPl, the injection of true blue was centered in mid-rostrocaudal levels of the GP and did not spread to the ventralmost region of the GP or to the SI, or to the anterior or posterior thirds of the GP. In this experiment retrogradely labeled cells were observed in the dorsolateral part of the caudoputamen, at mid-rostrocaudal levels (Fig. 4) . In contrast, an injection of true blue centered in the rostroventral tip of the GP and adjacent parts of the SI (see GP6 in Fig. 4 ) resulted in the retrograde labeling of cells throughout the nucleus accumbens, except for the most medial part of the nucleus (rostra1 to the level illustrated), and in adjacent regions of the caudoputamen. In experiment GP16, the injection was centered in the LPO and ventral parts of the bed nucleus of the stria terminalis, at the level shown in Figure 4 . Retrogradely labeled cells in this experiment were strictly confined to the nucleus accumbens. In ah of the experiments, only medium-sized neurons were retrogradely labeled in the striatum, unless the injection spread to the striatum itself. In such cases, a small number of large neurons also were retrogradely labeled. Figure 5 . Action potentials recorded from single neurons in the ventromedial globus pallidus (GP,) and substantia innominata (SI). A, Inhibition of discharge of a neuron in the GP, following single pulse stimulation of the nucleus accumbens shown by an arrow. B, Single pulse stimulation of the dorsolateral caudoputamen had no effect on the same GP, neuron. C, Inhibition of discharge of a neuron in the SI following single pulse stimulation of the nucleus accumbens.
GP, and adjacent parts of the SI, LPO, and LHA. The action potentials had a triphasic wave form and the spontaneous discharge rates varied from 0.6 Hz to 43 Hz (mean = 12.1 Hz). The wave forms and rates of spontaneous discharge of these neurons were similar to those recorded from neurons in the GPd.
Electrical stimulation of the nucleus accumbens. Single pulse stimulation of the nucleus accumbens was observed to reduce the rate of discharge of a large percentage of neurons in the GP, as well as in the SI, the LPO, and the LHA. An example of the inhibitory response of one of these neurons is shown in Figure 5C , the recording site in SI being shown in Figure 6C . The onset latency of the inhibitory effect of nucleus accumbens stimulation on this neuron was 11 msec. For most neurons the duration of the inhibitory effect increased as the intensity of stimulation in the nucleus accumbens was increased, as shown in Figure 7 . Another example of the inhibitory effect of accumbens stimulation is shown in Figure 5A . This neuron was in the GP, (see Fig. 6A ). As shown in Figure 5B , the discharge rate of this neuron was not influenced by electrical stimulation of the dorsolateral caudoputamen. Electrical stimulation of the nucleus accumbens had excitatory effects on some neurons in the subpahidal region. The onset latencies of these excitatory responses were similar to those of the inhibitory responses (range, 
globus pallidus (GP,). B, Lateral preoptic area (LPO). C, Substantia innominata (SI). D, Lateral hypothalamic area (LHA).
In each case the recording site is indicated by an arrow. Mogenson et ai. Vol. 3, No. 1, Jan. 1983 1 to 30 msec; mean, 13.2 msec). However, as shown in Table I the occurrence of excitatory responses (19%) was significantly less than that of inhibitory responses (52%). Approximately one-quarter of the subpallidal neurons did not respond to single pulse stimulation of the nucleus accumbens.
In 12 of the electrophysiological recording experiments, two stimulating electrodes with a distance of 0.5 mm between them were positioned in the nucleus accumbens. For 23 neurons in the GP, and subpallidal region, inhibitory responses resulted from single pulse stimulation delivered through the medial as well as the lateral electrode. For 11 neurons an inhibitory response was observed with stimulation through one of the electrodes and an excitatory response was observed with stimulation through the other electrode. Thirty GP, neurons responded to stimulation delivered via one of the electrodes but not to stimulation via the second electrode, as shown in Figure 8 . This observation is of special interest because it indicates that the spread of current was rather limited, not exceeding 0. subpallidal neurons received converging inputs from two nucleus accumbens stimulation sites. Recording sites in the subpallidal region. The most frequently occurring (or "typical") response of neurons in the GP,, SI, LPO, and LHA to single pulse stimulation of the nucleus accumbens was an inhibitory effect with an onset latency of 6 to 18 msec. Such inhibitory responses are illustrated in Figures 5,7 , and 8, and examples of recording sites appear in Figure 6 . The distribution of the series of 85 neurons showing this inhibitory response to nucleus accumbens stimulation is shown in Figure 9 . From this it can be seen that there is a concentration of sites of inhibitory responses in the GP, (N = 15) and in the adjacent SI (N = 34). These recording sites extend throughout the entire rostral-caudal extent of the GP, and SI. Also shown in Figure 9 are sites of inhibitory responses in the posterior part of the LPO (n = 14) and in parts of the LHA adjacent to the SI and the entopeduncular nucleus (N = 22). These four subpallidal regions (GP,, SI, LPO, and LHA) also contained recording sites for neurons that were activated by accumbens stimula- tion as well as for neurons that did not respond (see Fig.  9 ).
Electrical stimulation of the caudoputamen. Single pulse stimulation of the dorsolateral caudoputamen resulted in inhibition of 73 of 107 neurons in the GPd (see Table I ). These stimulation sites corresponded to the region of retrogradely labeled neurons observed in experiment GPl (see Fig. 4 ). A typical response is shown in Figure 10 in which the neuron did not respond to single pulse stimulation of the nucleus accumbens. As shown in Table I , whereas 68% of dorsal GP neurons were inhibited by stimulation of the dorsolateral caudoputamen, only 14% were inhibited by stimulation of the nucleus accumbens. The recording sites in the GPd of neurons inhibited by caudoputamen stimulation are shown in Figure 11 along with recording sites of neurons which were excited (15%) or which did not respond (17%) to this stimulation.
Discussion
The major conclusions that can be drawn from the experiments reported here are that the nucleus accumbens projects in a topographically organized way to cells in the GP, and to an adjacent subpallidal region including the SI, LPO, and LHA, that a major component of this projection is inhibitory, and that single neurons in these areas may receive convergent inputs from adjacent parts of the nucleus accumbens and, in some cases, from adjacent parts of the caudoputamen as well.
It is well known that the projection from the caudate nucleus and putamen to the globus pallidus in the monkey is organized topographically (Szabo, 1962; Cowan and Powell, 1966) , and the autoradiographic results presented here indicate that projections from the nucleus accumbens and adjacent parts of the caudoputamen to the GP, and subpallidal region in the rat are organized along both mediolateral and dorsoventral gradients with respect to both the cells of origin and the course of descending fibers. It is also clear, however, that fibers from adjacent, though separate parts of the nucleus accumbens overlap considerably in the GP, and subpallidal region.
There is no doubt that fibers from the caudoputamen form synapses upon neurons in the globus pallidus (for review see Graybiel and Ragsdale, 1979) , and autoradiographic and electrophysiological evidence strongly suggests that the same is true for projections from the nucleus accumbens to the GP, (see the introduction). In addition, Heimer and Wilson (1975) reported that degenerating terminals, most of which were thought to contain flattenable vesicles, were observed electron microscopically in the SI (which corresponds to their "ventral pallidum") after lesions in the nucleus accumbens. However, similar studies have not been carried out along the course of descending fibers in the LPO and LHA, and it is not possible from the pattern of silver grains in autoradiographs to be certain whether fibers end in these regions or merely pass through. For this reason the striking correspondence between the recording sites in the present electrophysiological experiments and the terminal fields suggested by the anatomical experiments is of particular interest. Since the latencies of the inhibitory responses recorded from subpallidal neurons to nucleus accumbens stimulation (e.g., Figs. 5 and 6) were similar to the latencies of antidromic activation of nucleus accumbens neurons following subpallidal stimulation (Jones and Mogenson, 1980b) , it seems likely that they were mediated by direct connections. This conclusion is strengthened by the fact that, as far as we are aware, there are no known pathways that descend through the nucleus accumbens to enter the medial forebrain bundle. Accordingly, the results of the electrophysiological recording experiments complement the observations obtained with the axonal transport techniques. The stimulation sites in the nucleus accumbens were mainly in a region 0.2 to 0.7 mm medial to the anterior commissure, and in previous autoradiographic experiments this region was shown to project to the ventromedial globus pallidus and adjacent SI (Swanson and Cowan, 1975; Conrad and Pfaff, 1976; Nauta et al., 1978; Newman and Winans, 1980) . Also, in electrophysiological recording experiments stimulation of this region of the nucleus accumbens was observed to influence the spontaneous activity of neurons in the GP, and SI, with many of the responses being suppression of spontaneous neuronal activity (Dray and Oakley, 1978; Jones and Mogenson, 1980b) . The results of the present study confirm and extend these earlier findings. As shown in Table I , more than 70% of the neurons recorded from in the subpallidal region responded to single pulse stimulation of the nucleus accumbens, with inhibition occurring in approximately three-quarters of the responsive neurons. The most frequently observed response to nucleus accumbens stimulation, illustrated in Figures 5, 7 , and 8, was recorded from neurons in the GPv and SI, as well as from caudal parts of the LPO and rostral parts of the LHA. The recording sites of these responses, shown in Figure  9 , are subpallidal regions that are very similar to those demonstrated by axonal transport experiments as presented in Figures 2 and 4 .
The stimulation sites in the dorsolateral caudoputamen were selected because, as shown in Figure 4 , experiments using the retrograde transport of true blue indicated that this was the source of neurons that project to the main body of the globus pallidus. It was not surprising, therefore, that more than 80% of the neurons recorded from in the GPd responded to single pulse stimulation of the dorsolateral caudoputamen (see Table I ). The observation that the response was inhibition for twothirds of the responsive GPd neurons is consistent with previous electrophysiological recording experiments (Malliani and Purpura, 1967; Ohye et al., 1976) . Based on electrophysiological and neurochemical evidence, reviewed by Dray (1980, p. 261) , it seems likely that these inhibitory responses of GPd neurons to single pulse stimulation of the dorsolateral caudoputamen are GABA mediated.
There is some preliminary evidence to suggest that the inhibitory responses, recorded from neurons of GP, in response to single pulse stimulation of the nucleus accumbens (shown in Figs. 5, 7, and B) , are also GABA mediated. This is based on observations that these inhibitory responses are attenuated by the iontophoretic application of the GABA antagonists bicuculline and picrotoxin (Dray and Oakley, 1978; Jones and Mogenson, 1980b) and that GABA is depleted in the GP, after lesions of the nucleus accumbens (Fonnum and Walaas, 1981) . Similar electrophysiological and neurochemical experiments are needed to see whether the inhibitory responses recorded from neurons in SI, LPO, and LHA to nucleus accumbens stimulation are GABA mediated.
Considerable anatomical evidence (see Beckstead et al., 1979) indicates that there is a transitional zone be- Mogenson et al. Vol. 3, No. 1, Jan. 1983 tween what is clearly the caudoputamen and what is clearly the nucleus accumbens, so that there is no obvious morphological boundary between the two. Therefore, the electrophysiological responses of neurons in a corresponding transitional region between the GPd and the subpallidal region to stimulation of the caudoputamen and the nucleus accumbens were analyzed separately. As shown in Table I , the pattern of responses here fell between those of neurons in the GPd and the subpallidal region. Caudoputamen stimulation produced an inhibitory response in 40% of these neurons, as compared to 68% for GPd neurons and 22% for subpallidal neurons. Nucleus accumbens stimulation produced an inhibitory response in 31% of these neurons as compared to 14% for GPd neurons and 52% for subpallidal neurons. These electrophysiological observations are consistent with the demonstration of anatomical projections to this intermediate region from both the nucleus accumbens and the caudoputamen (see Fig. 4 ).
It is of interest that injections of picrotoxin centered in the subpallidal region initiate locomotor activity in rats (Mogenson et al., 1980) . Since locomotor activity also is initiated by injections of dopamine and amphetamine into the nucleus accumbens (Pijnenberg and van Rossum, 1973; Jones et al., 1981) , an effect that is blocked by pretreating the subpallidal region with GABA (Jones and Mogenson, 1980a) , it appears that a dopaminergic projection to the nucleus accumbens (primarily from the ventral tegmental area) and a GABAergic projection from the latter to the subpallidal region may play a role in behavioral response initiation. As summarized in Figure 12, autoradiographic evidence (Swanson, 1976) suggests that such responses may be mediated at least in part by projections from the SI, LPO, and LHA to the midbrain reticular formation, including the so-called mesencephalic locomotor region as defined in the cat by Grillner and Shik (1973) . Electrical stimulation of the lateral hypothalamic and lateral preoptic regions at low Figure 12 . This diagram illustrates some of the major connections of the basal ganglia discussed in the text. The caudoputamen (CP) receives inputs from all parts of the neocortex and projects to the globus pallidus (GP) and substantia nigra (SiV). On the other hand, the nucleus accumbens (ACB) receives inputs from limbic parts of the telencephalon (LS) and projects to ventral parts of the globus pallidus, the subpallidal region (SI, LPO-LHA) , and medial parts of the substantia nigra. In addition, cells in adjacent parts of the CP and ACE3 appear to project to individual cells in ventral parts of the GP. The subpallidal region may play an important role in the relay of information from the ACB to parts of the midbrain reticular formation (MRF) involved in somatomotor control systems. For simplicity, projections from the GP to the thalamus and projections from the thalamus and brainstem to the basal ganglia are not shown.
current intensities has been shown to elicit movement and what might be considered "exploratory" locomotor responses (Roberts and Carey, 1965; Christopher and Butler, 1968; Phillips et al., 1969; Bland and Vanderwolf, 1972) , and Malmo and Malmo (1977) have shown that multiple unit activity recorded simultaneously from the LPO and dorsal parts of the midbrain reticular formation are correlated significantly with head and body movements. In contrast to the nucleus accumbens, stimulation of the caudoputamen in the rat is associated with stereotyped behaviors, such as grooming, rather than locomotion (Kelly et al., 1975) . It is tempting to speculate that these differential responses are mediated by different projections from the nucleus accumbens and the caudoputamen, and the present results suggest that these may involve a pathway from the former to the subpallidal region and a pathway from the latter to the globus pallidus itself, which in turn projects to the ventral lateral nucleus of the thalamus and the subthalamic nucleus (see Graybiel and Ragsdale, 1979) . On the other hand, the circling behavior that may result from striatal manipulation is now thought to involve projections to the substantia nigra (see Graybiel and Ragsdale, 1979; Imperato et al., 1981) . It may also be worth pointing out that the nucleus accumbens projects to the SI, which is thought to give rise to a widespread though diffuse cholinergic input to the cerebral cortex (see Lehmann et al., 1980) , although the functional significance of this pathway is not yet clear.
Thus, the nucleus accumbens, which receives inputs from the amygdala (see Krettek and Price, 1978) and the hippocampal formation (see Swanson and Cowan, 1977) , and the caudoputamen, which receives inputs from all parts of the neocortex (see Webster, 1961) , have differential outputs which may help to explain why stimulation of these two parts of the striatum lead to different types of behavioral response. The forward progression associated with locomotor activity is a fundamental component of food and water procurement, attack, and other goaldirected behaviors to which limbic regions of the telencephalon and the hypothalamus are known to contribute (Mogenson and Huang, 1973) . Accordingly, it may be suggested that the pathway from the nucleus accumbens to the subpallidal region shown in Figure 12 may 
